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Abstract 
Carbon dioxide capture and storage by mineralization (CCSM), also known as ex-situ mineralization, is an important 
technology for industrial CCS. The feedstocks for CCSM can not only be Mg/Ca-silicate minerals, but can also 
include waste materials from industries, such as steel slags and waste cement. Aqueous ammonia capture is preferred 
for industrial CCS, since industrial emissions present high CO2 concentrations (around 25 vol.%) and more impurities 
(SO2/NOx) than that from power plants. Aqueous ammonia CO2 capture integrated with ex-situ mineralisation avoids 
stripping CO2 as pure gas from absorbents and compression of CO2, and therefore reduces the high energy 
consumption of capture. In this study, optimization experiments were conducted on this process. The dissolution 
efficiency of Mg from serpentine using 2.8 M NH4HSO4 at 100 g/l solid to liquid ratio for 1 h was around 80 %. The 
decrease in dissolution efficiencies is because of the Si passive layer on the surface of serpentine particles. The molar 
ratio of Mg: NH4+ salts: NH3 is the key factor controlling carbonation efficiency, and when using the molar ratio of 
Mg: NH4+ salts: NH3 is 1:1.5:2, the carbonation efficiency was 96 %.  
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1. Introduction 
The IEA’s Blue map scenario has identified that CCS applied to industrial sources other than power 
generation has the potential to reduce 5 Gt of CO2 by 2050 and the demonstration of industrial CCS needs 
to be in operation by 2020 [1]. However, the current available technologies for industrial CCS present high 
costs and no demonstration project is reported for industrial sources [2]. The development of CCS 
technologies suitable for industrial sources should not only rely on technology transfer from technologies 
developed for power generation, as this will inevitably delay the deployment of industrial CCS.  
 
Carbon dioxide capture and storage by mineralization (CCSM), also known as ex-situ mineralization, is 
an important technology for industrial CCS, due to its scalability for small/medium scale emitters (<300 
Mt CO2/y) or where geological storage is economically or technically unfeasible [3]. The feedstocks for 
CCSM can not only be Mg/Ca-silicate minerals, but can also include waste materials from industries, 
such as steel slags and waste cement. Industrial emissions, mainly from cement and steel industries, 
present high CO2 concentrations (around 25 vol.%) and more impurities (SO2/NOx) than that from power 
plants. This complicates the deployment of amine capture technology for industrial sources, due to its low 
loading capacity and degradation of amines with SO2/NOx [4]. Therefore, aqueous ammonia capture is 
preferred for industrial CCS to overcome the two barriers above. 
 
The authors have developed a process integrating aqueous ammonia capture with CCSM using recyclable 
ammonium salts for industrial sources[3, 5]. . In this process, aqueous ammonia is used to capture CO2 
producing (NH4)2CO3/NH4HCO3 as intermediate product. Then, the NH4HSO4 is used to extract Mg from 
serpentine minerals at mild heating conditions in a mineral dissolution step. The Ca/Mg-rich solution 
produced from the mineral dissolution step is regulated to neutral pH by adding aqueous ammonia. The 
impurities in the leaching solution can be removed by adding aqueous ammonia to get a high Fe content 
by-product. After that, the solution reacts with the intermediate product ((NH4)2CO3/NH4HCO3) from the 
capture step to precipitate carbonates at mild temperature in a carbonation step. Finally, the by-product of 
(NH4)2SO4 from the carbonation step could be recovered by evaporation and subsequently heated up to 
regenerate ammonia which goes back to the capture step and NH4HSO4 which is then reused for the 
mineral dissolution step. Moreover, this process avoids stripping CO2 as pure gas from absorbents and 
compression of CO2, and therefore, reduces the high energy consumption of capture. The previous results 
from dissolution experiments show that NH4HSO4 was able to extract 82% of magnesium from serpentine 
at 100 °C after 1 hour [4]. Finally, the precipitation of hydromagnesite using (NH4)2CO3/NH4HCO3 
solution is much more effective than using CO2, where the highest magnesium carbonation achieved 96% 
in only 30 minutes at 80 °C and 3 bar (pressure resulted from the vapor of CO2 and NH3) [5]. Therefore, 
2.9 t of serpentine is required to sequester 1 t CO2. The recyclable efficiency of ammonium salts is 
95~99 %.  
 
Based on the authors’ previous work, this process shows a potential to be a cost effective technology for 
industrial CCS.  However, optimization studies are needed to reduce the total cost of the proposed CCSM 
process with recyclable ammonium salts, and this is the aim of the present work. 
 
 
 
2. Experimental methods 
 
The dissolution step for the optimization experiments was conducted following by the procedure 
presented in the author’s previous published work [5]. It is suggested that low solid liquid ratio can result 
in better performance in terms of cost evaluation. In the boundary of low solid to liquid ratio (without 
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exceeding the solubility), the maximum solid to liquid ratio value is 100 g/l, and therefore, this value was 
selected as the optimum value for the optimisation studies. 40 % excess of NH4HSO4 (2.8 M) was used 
for the dissolution experiments, as determined from previous studies [4, 5]. Serpentine with 75-150 μm 
particle size was dissolved at 100 °C for 1 h. A mixture of NH4HCO3 and (NH4)2CO3 solution was used 
instead of NH4HCO3 aiming at simulating the different CO2 containing ammonium salts solution coming 
from the CO2 capture step. Finally, an autoclave reactor was used for the carbonation step. The pH 
regulation and carbonation steps were carried out following the methods described previously  [5]. The 
mixture solution of 1.7 M NH4HCO3, 1.7 M (NH4)2CO3 and ammonia water (13 wt. %) was added to the 
solution obtained from the dissolution step. The amounts of mixture solution of NH4HCO3 or (NH4)2CO3 
and ammonia water were determined by the molar ratio of Mg ions in filtrate 2: CO2 containing 
ammonium salts: NH3. The matrix of carbonation experiments conducted at different ratios is listed in 
Table 1.  
 
Table 1: Matrix of carbonation experiments conducted at different ratios 
 OP1 OP2 OP3 OP4 
Mg in filtrate 2 : CO2  containing 
ammonium salts 
1:1 1:1.5 1:1 1:1.
5 
Mg in filtrate 2 : NH3 1:1 1:1 1:2 1:2 
 
3. Results and discussions 
ICP-AES analyses of the filtrate 1 from OP1-OP4 studies showed that the dissolution efficiency of Mg is 
around 80 % (see Table 2), compared to 100 % for the dissolution experiments presented in previous 
work [4]. The decrease of dissolution efficiency at 100 g/l solid to liquid ratio is probably due to the Si 
passive layer on the surface of the serpentine particle, as the rate limiting step is known to be product 
layer diffusion control at this solid to liquid ratio.  
The overall reaction for the carbonation step is presented below: 
∆H=-43.59 KJ, ∆G=-102.99 KJ (80 °C)         Equation (1) 
The enthalpy and Gibbs free energy of this reaction are both negative, indicating that it is an endothermic 
reaction. Due to the low thermal stability of ammonium bicarbonate and ammonium carbonate 
(decomposition happens at 80°C), it is necessary to supply excess amount of ammonium bicarbonate and 
ammonium carbonate for the carbonation reaction to be completed. The presence of ammonia can slow 
down the decomposition reaction and help the carbonation reaction by maintaining a pH above 8 for 
precipitation, reacting with CO2 to regenerate ammonium bicarbonate and then to regenerate ammonium 
carbonate.  
 
Table 2 also shows that the molar ratio of Mg: NH4+ salts: NH3 is the key factor controlling carbonation 
efficiency. When the molar ratio of Mg: NH4+ salts: NH3 is 1:1:1 (Experiment OP 1), the carbonation 
efficiency is 81 % (Table 2). Increasing the Mg: NH4+ salts ratio to 1:1.5 (Experiment OP 2) can improve 
carbonation efficiency to 86 %. Further increasing the Mg: NH3 ratio to 1:2 (Experiment OP 3) can 
improve the carbonation efficiency to 90 %. It is thought that ammonia water can react with NH4HCO3 
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into (NH4)2CO3 and thus increases the carbonation efficiency. The highest carbonation efficiency of 96 % 
was obtained when the molar ratio of Mg: NH4+ salts: NH3 was 1:1.5:2 (Experiment OP 4).  
 
Table 2: ICP-AES results of Mg concentration from OP1-4. 
 Filtrate 1 
(ppm) 
Filtrate 2 
(ppm) 
Filtrate 3 
(ppm) 
Dissolution 
efficiency % 
Carbonation 
efficiency % 
OP1 19149 18999 3605 79.8 81 
OP2 18908 18778 2652 78.8 86 
OP3 19012 18891 1939 79.2 90 
OP4 19201 19083 761 80.0 96 
 
The CO2 evolved from the decomposition of ammonium bicarbonate and ammonium carbonate can 
increase the pressure of the system. The XRD pattern of product 3 from experiment OP 4 is presented in 
Figure 1 and confirms that magnesite is produced from the carbonation step. Therefore, hydromagnesite 
is transformed into magnesite at high pressure conditions. 
 
 
Figure1: XRD pattern of product 3 from experiment OP 4. 
 
The process was re-evaluated and the cost analysis was estimated based on the optimization experimental 
work. The OPEX of the four optimization experiments is shown in Table 3. It can be seen that 
Experiment OP 4 shows the lowest total cost.  
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Table 3: OPEX of four optimization experiments. 
 OP1 OP2 OP3 OP4 
Unit US$/tCO2 sequestered  
Energy cost 17 17 16 16 
Chemical cost  55 46 37 25 
Mineral cost 17 17 16 15 
Transport cost (100km) 9 8 8 7 
Total cost 98 88 77 63 
 
A simplified process scheme of the best case is presented in Figure 2, where approximately 3.0 t of 
serpentine, 0.2 t of NH4HSO4 and 0.1 t of NH3 are required to sequester 1 t of CO2 and 1.9 t of magnesite, 
1 t of high Si contain by-product and 0.3 t of high Fe contain product are produced.  
 
 
Figure 2: A simplified process scheme for sequestering 1 t of CO2 by CCSM process at optimized 
conditions. 
 
Process products and their application 
The magnesium carbonates produced by this process could potentially be used to make concrete and their 
mechanical strength was tested. The results showed that the strength was around 40 MPa, but long curing 
time was required. It should be noted that current cement production generates around 800 kg CO2/t 
cement, including 400 kg of CO2 released from limestone and 400 kg of CO2 resulting from the high 
temperature (1450 °C) processing of calcite. Therefore, it is estimated that the CO2 emissions of low-
carbon cement by the proposed process are only around 200-400 kgCO2/t. Considering that global cement 
production is forecasted to reach 5 billion tones by 2030 [6], then even if only 50% of the cement is 
produced by this process, emissions of 1-2 Gt of CO2 could be prevented. 
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4. Conclusions 
This paper focuses on the optimization of the process previously developed by the authors, and that 
involves the integration of aqueous ammonia capture with CCSM using recyclable ammonium salts. The 
dissolution efficiency of Mg from serpentine using 2.8 M NH4HSO4 at 100 g/l solid to liquid ratio for 1 h 
was around 80 %. The decrease in dissolution efficiencies is because of the Si passive layer on the surface 
of serpentine particle. The molar ratio of Mg: NH4+ salts: NH3 is the key factor controlling carbonation 
efficiency, and when using the molar ratio of Mg: NH4+ salts: NH3 is 1:1.5:2, the carbonation efficiency 
was 96 %. Based on these experimental results, this process shows a potential to be a cost effective 
technology for industrial CCS.  
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